Novel Organic and Polymeric Materials for Solar Energy Conversions  by Sun, Sam-Shajing et al.
 Energy Procedia  57 ( 2014 )  79 – 88 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
doi: 10.1016/j.egypro.2014.10.011 
2013 ISES Solar World Congress 
Novel Organic and Polymeric Materials for Solar Energy 
Conversions 
Sam-Shajing Sun*, Jaleesa Brooks, Thuong Nguyen,  
Amanda Harding, Dan Wang, and Tanya David 
 
Center for Materials Research, Norfolk State University, Norfolk, VA 23504, USA 
Abstract 
Organic or ‘plastic’ solar cells are attractive for solar photoelectric energy conversion applications where 
low cost (such as large area), lightweight, and flexible shape are desired.  The photoelectric power conversion 
efficiencies of currently reported organic/polymeric photovoltaic materials are still relatively low (typically less than 
10% under AM 1.5 and one Sun intensity), and the three major losses are still severe, i.e., the ‘photon loss’ due to 
mismatch of materials energy gaps versus the sunlight photon energies, the ‘exciton loss’ and the ‘carrier loss’ due to 
poor solid state morphologies of existing polymeric donor/acceptor binary systems.  Therefore, both molecular 
frontier orbitals (HOMOs, LUMOs) and phase morphologies need to be engineered to further enhance the efficiency.  
In this paper, our recent efforts on frontier orbital and energy gap engineering and terminal functionalizations of 
conjugated polymer blocks, and a donor-bridge-acceptor type block copolymer approach will be reviewed.  For 
instance, a new donor-bridge-acceptor or DBA type conjugated block copolymer system has been successfully 
synthesized, characterized, and solar cells based on the new materials has been preliminarily tested revealing better 
performance of the block copolymer system versus the donor/acceptor simple blend system.  In addition, dye 
sensitized polymer and organic/inorganic hybrid nanostructure solar cells were also investigated as dyes absorb more 
sunlight photon and have more available energy levels and gaps that can better match the solar spectrum than 
traditional solar cells. 
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1. Introduction  
Widespread use of inorganic based solar cell technology as an alternative energy source are still 
limited due to the high cost or high energy consumption associated with the elaborate fabrication 
processes involving elevated temperature, high vacuum, as well as a current shortage of feedstock 
materials [1-3].  Organic and polymeric solar cells offer many competitive advantages, including 
convenient fine turning of materials chemical structures, frontier orbitals (HOMOs and LUMOs), energy 
gaps (Eg), materials durability, and low cost and versatility for solution-based large-scale industrial 
processing and fabrications, including well-established polymer solution printing techniques or a roll-to-
roll (R2R) thin film processing protocol [4-8].  In addition, organic and polymeric semiconductors exhibit 
much higher optical absorption coefficients compared to their inorganic counter-parts, thus opening 
possibilities for the production of very thin solar sheets or films that could save large amount of materials 
[8].  The current best reported polymer based solar cell has a power conversion efficiency of about 8-10% 
under one Sun at AM 1.5 [9-11], the cells typically contain a blend of donor type polymer with an 
acceptor (generally fullerene derivatives).  However, fullerenes are not cost effective yet, and the 
morphology (such as donor/acceptor phase domain size and ordering) of a physical blend is not easy to 
control.     
 
The critical success factors for organic and polymeric solar cells include the improvement of 
photon capture via energy gap engineering, particularly in the most intense sunlight radiations of 1-2 eV, 
and the improvement of charge generation and transport via polymer morphology engineering, as it is now 
clear that the photo induced charge separation is critically affected by the donor/acceptor domain size, and 
charge mobility is critically affected by the polymer morphology [4-11].   
 
The overall photoelectric power conversion efficiency of an organic/polymeric solar cell is 
determined by at least following five critical steps [4-5]: 
 
 1) Photon capture or exciton generation;  
 2) Exciton diffusion to donor/acceptor interface;  
 3) Exciton dissociation or carrier generation at donor/acceptor interface;  
 4) Carrier diffusion to respective electrodes;  
 5) Carrier collection by the respected electrodes.   
 
 So far none of the five steps have been optimized, which accounts for the relatively low power 
conversion efficiencies of organic photovoltaics (the best reported/announced efficiency is about 10% 
[11]).  However, all these five steps can be and should be improved via systematic improvements on 
materials design, synthesis, processing, and fabrications.   
 
In the first step of photon capture (also occurring in the photo synthesis of natural plants), a basic 
requirement is that the materials optical excitation energy gap (Eg) must match the incident photon energy.  
In most organic materials, the energy gap defaults to the difference between the HOMO (highest occupied 
molecular orbital) and the LUMO (lowest unoccupied molecular orbital) frontier orbital levels.   
 
For terrestrial solar cell applications, it is desirable that the energy gaps of the materials span a broad 
range of 1.0-2.0 eV.  Many widely used conjugated semiconducting polymers used in organic solar cell 
have energy gaps bigger than 2.0 eV.  This is why the photon capture for organic PV cells still needs to be 
optimized at AM 1.5.  This ‘photon loss’ problem is in fact very common in most of the currently reported 
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organic photovoltaic materials.  One advantage of organic materials is the processability of its energy 
levels and gaps via molecular design and synthesis.  Therefore, ample opportunity exists for improvement.   
 
The current major performance barriers for PSCs can be attributed to the three major loses including 
the sunlight ‘photon loss’, the photo generated ‘exciton loss’, and the photo generated ‘carrier loss’ [4-7].  
As mentioned earlier, the most intense sunlight at surface of the earth is in a photon energy range of 1.0-
2.0 eV, yet most common stable conjugated polymers (such as PPVs) have optical excitation energy gaps 
over 2 eV [4-8], so the ‘photon loss’ is the first performance barrier that needs to be solved.  Additionally, 
since sunlight is a very broad radiation with photon energy ranging from UV all the way to IR, a tandem 
style serially connected and parallel stacked cell structure with energy gaps gradually descending from 
UV to IR along the light propagation direction is expected to yield very high power conversion efficiency, 
as this would enable a broad capture of most solar photons and at the same time the summation of induced 
photovoltage [1-4].  Therefore, development of a variety of sunlight energy matched (1.0-2.0eV), 
processable, chain end functionable, stable, and cost effective conjugated polymer blocks and their 
coupled block copolymers are critical.   
 
A high efficiency photoelectric conversion not only requires efficient photon capture but also requires 
a donor/acceptor bicontinous nano phase separated morphology for efficient exciton dissociation and 
charge carrier transport.  For instance, a nano domain sized ‘honey comb” shaped column morphology 
appears to be able to minimize both the exciton and photon losses simultaneously [4-5, 14-18].  The main 
challenge is the synthetic chemistry that could covalently link a donor conjugated block with an acceptor 
conjugated block via a non conjugated bridge unit [14].  Small organic donor-bridge-acceptor systems 
have been extensively studied and exhibited efficient photo induced charge separations [19].  Yet the 
small organic molecular DBA systems suffer from charge transport losses for solar cell device 
applications due a lack of bicontinous nano phase separated morphology.  For this reason, a (DBAB)n 
type conjugated block copolymer system has been successfully developed and demonstrated by us earlier 
[14-16].  Specifically, a photovoltaic device composed of a (DBAB)n type block copolymer thin film 
exhibits a significant performance improvement over its corresponding donor/acceptor or D/A blend  
under identical conditions, where the donor is an oxyalkyl derivatized poly-p-phenylenevinylene (RO-
PPV) conjugated block, acceptor is a sulfone-alkyl derivatized PPV conjugated block, and bridge is an 
non conjugated and flexible unit [15-16].  AFM and XRD demonstrated nano phased ordered packing in 
(DBAB)n block copolymer that were absent in the D/A blend [15].  We therefore attribute the 
optoelectronic improvement to the block copolymer intrinsic nano phase morphology and molecular self 
assembly that results in the reduction of the exciton and carrier losses [15-16].   
  
However, one limitation of the (DBAB)n system is that, the molecular size distribution 
(polydispersity) must be very narrow in order to form good long range ordered packing as shown in top 
scheme of Fig. 1.  If the donor blocks or the acceptor blocks have broad molecular size distribution, it 
would be difficult to form size matched and ordered domain packing in long ranges, only small molecular 
weight fractions at small domain may be possible.  However, if a donor-bridge-acceptor or DBA type 
block copolymer is developed, even if the donor or the acceptor blocks may have broad molecular size 
distributions, they will still be able to pack nicely due to the free volume or space surrounding each block 
as shown in middle scheme of Fig. 1 [17-18].  Furthermore, additional donor or acceptor blocks added to 
the DBA system could further assist self assembly of the DBA system, this is due to DBA could act as 
surfactant or “back bone” to guide or facilitate the self assembly of donor and acceptor blocks as shown 
in lower scheme of Fig. 1. 
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Fig. 1. Scheme of potential solid state stacking patterns of (DBAB)n and DBA type block copolymers. 
 
2. Results and Discussions 
 
As shown in Fig. 2, a DBA type block copolymer contains a conjugated donor block (D) covalently 
linked to a conjugated acceptor block (A) via a non conjugated and flexible bridge unit (B) [17-18].  The 
sizes of the donor and acceptor blocks can be controlled to be on the ranges of exciton diffusion lengths.  
The design and synthesis of DBA turns out to be significantly more challenging than (DBAB)n developed 
earlier primarily due to the need for unsymmetrically derivatized monomers and mono end-functionalized 
D and A blocks as exhibited in Figs. 2-3.   
 
 
Fig. 2.  Scheme of a DBA block copolymer, where D is a conjugated electron donating block, A is a 




















































Fig. 3.  Design and synthesis of an example DBA block copolymer. 
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UV-VIS optical absorption spectra of synthesized polymers in tetrahydrofuran (THF) solution 
are shown in Fig. 4.  The donor block D (short dashed line, in 1.52 x 10-4M concentration THF) exhibits 
an absorption maximum at 505 nm (2.46 eV, 2.65 Abs, corresponding to a molar absorption coefficient ε 
of 1.74 x 104 cm-1M-1) and an absorption onset at 560 nm (corresponding an optical energy gap of 
2.21eV).  The acceptor block A (long dashed line, in 8.58 x 10-5M concentration THF) exhibits an optical 
absorption maximum at 425 nm (2.92 eV, 1.50 Abs, corresponding to a molar absorption coefficient ε of 
1.75 x 104 cm-1M-1) and an absorption onset at 530 nm (corresponding an optical energy gap of 2.34eV).  
The block copolymer DBA (solid line, in 5.71 x 10-5M concentration THF) exhibits optical absorption 
contributions from both the donor and the acceptor blocks, implying no ground state electron transfer 
occurring in DBA, i.e., donor and acceptor blocks maintain their individual electronic property separated 
by the non-conjugated bridge unit B.    
 
 
Fig. 4.  UV-Vis absorption spectra of D, A, and DBA in THF. 
 
Photoluminescence (PL) emission spectra of synthesized polymers in 1 x 10-7M tetrahydrofuran 
(THF) solution are exhibited in Fig. 5.  At an excitation wavelength of 400 nm (3.1 eV), the donor block 
D (short dashed line) exhibits a PL emission maximum at 555 nm (2.23 eV, 0.6 Mcps).  The acceptor 
block A (long dashed line) exhibits a PL emission maximum at 500 nm (2.48 eV, 3.8 Mcps).  The block 
copolymer DBA (solid line) exhibits PL emission contributions from both the donor and the acceptor 
blocks, i.e., donor and acceptor blocks maintain their individual electronic property separated by the non-
conjugated bridge unit B.  The very weak emission of the donor block is due to the 400 nm excitation that 
is too far away from the donor emission maximum.  The acceptor block PL emission maximum dropped 
from 3.8 Mcps down to 2.3 Mcps, i.e., an about 40% PL quenching of A in DBA compared to the pristine 
A.  Such a dramatic PL quenching can be attributed to both photo induced charge transfer and energy 
transfer between the donor and the acceptor.  For instance, when the acceptor gets excited, an electron at 
donor’s HOMO may transfer to the acceptor’s HOMO via the bridge unit resulting a PL quenching of A 
and the formation of the A-/D+ pair.  Alternatively, the photo generated exciton at A can be emitted and 
simultaneously captured by the D block, also resulting a PL quench of the A and a PL increase of the D 
block.  This also explains a dramatic increase of the PL emission of the D block from 0.60 Mcps in 
pristine D to 2.2 Mcps in DBA.  This is because the PL emission maximum of A (around 500nm) 
matches the excitation energy of the D block emission nicely.   
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Fig. 5.  Photoluminescence PL emission spectra of D, A, and DBA in 1 x 10-7M THF solutions.  The 
excitation is at 400 nm which is suitable for the acceptor block but not suitable for the donor block 
(Donor block excitation is at about 500nm).  The small peak spike at around 453 nm comes from the THF 
solvent used. 
 
 From the UV-VIS spectra in THF (Fig. 4) and Cyclic Voltammetry measurements (Fig. 6), the 
frontier orbitals (LUMO/HOMO) are measured as -3.14eV/-5.35eV for the donor block and -3.90eV/-
6.24eV for the acceptor block.  Thus, a relationship of photo induced electron transfer from the donor to 
the acceptor is established.   
 
 
Fig. 6.  HOMO/LUMO levels of the D and A. 
 
Solar cell devices are fabricated and preliminarily tested to compare the performances of a cell 
made of the simple D/A blend and another cell made of DBA block copolymers.  As exhibited in Fig. 7, a 
cell made of a DBA block copolymer exhibits larger photo current (then simple D/A blend cell at 
identical conditions), and exhibiting a power conversion efficiency of about 0.2%, while the D/A blend 
cell exhibits a power conversion efficiency of about 0.02%, i.e., DBA cell exhibits a ten times better 
performance than the simple D/A blend cell.  Such dramatic improvement can be attributed to several 
factors, including, but may not limited to:  1) Reduced exciton loss due to every photo generated exciton 
is in convenient reach to a donor/acceptor interface, as the size of the donor and acceptor blocks can be 
tailored within the average exciton diffusion length.  2) Reduced carrier loss due to better morphology 
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and charge transport pathways of the DBA block copolymer versus the D/A blend.  More detailed studies 
are underway.    
 
 
Fig. 7. Preliminary comparison of light JV curves of a D/A blend versus a DBA block copolymer based 
solar cells. 
 
 To further minimize the photon losses and carrier losses, a dye sensitized organic/polymeric 
optoelectronic triple component system has also been investigated as shown in Fig. 8-11, where a 
molecular dye is introduced into a D/A system where the frontier orbitals of the dye are located between 
the donor and acceptor as shown in Fig. 8.  The dye has following functions:  1) Abundant dyes are 
available and can be further tailored with proper frontier orbitals and large absorption coefficients 
(indicated as step 1 in Fig. 8); 2) Dye could facilitate the further electron-hole separation due to its 
neighbouring donors and acceptors (indicated as charge transfer steps 2 and 3 in Fig. 8); 3) Further 
minimize the charge recombination of separated charges, as the separated electrons at the acceptor 
LUMO and the holes at the donor HOMO are now more far away from each other due to the presence of 












Fig. 8.   Scheme of a dye sensitized triple system polymer solar cell. 
 
Specifically, the Protoporphyrin/P3HT pair was investigated to examine any photo induced 
charge transfer occurring between the two.  Protoporphyrin (commercially available, chemical structure is 
shown in Fig. 9) has two carboxylic acid and two terminal vinylene groups that are potentially capable of 
covalent attachment to polymer as side groups.  The UV-VIS spectrum of the dye is shown in Fig. 10.  It 
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has an optical energy gap of 1.94 eV, and an optical absorption coefficient of 1.05 x 105 cm-1M-1, with a 
LUMO of -3.19 eV and a HOMO of -5.13 eV that fits well with P3HT (LUMO/HOMO of -2.73 eV/-5.05 
eV).   
 
 
Fig. 9.  Chemical structure of Protoporphyrin. 
 
 
Fig. 10.  UV-Vis of Protoporphyrin in THF. 
 
 The Stern-Volmer plot of the P3HT/Protoporphyrin pair is shown in Fig. 11, where a PL 
quenching coefficient Ksv of 9610 M-1 is obtained.  Such PL quenching is a sign of potential efficient 
photo induced electron transfer from P3HT to Protoporphyrin, the pair could be a suitable candidate to fit 
a potential dye sensitized D-Dye-A triple optoelectronic materials system that appears more promising 
compared to a simple D/A binary system due to improved photon capture and charge separation and 
reduction of charge recombination.   Further studies are underway.   
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A newly developed PPV based DBA block copolymer based solar cell exhibited ten times better 
power conversion efficiency compared to the corresponding D/A simple blend solar cell, this could be 
attributed to a better nano scale morphology of the DBA block copolymer compared to the D/A blend 
resulting in a lower exciton and carrier losses.  The Protoporphyrin/P3HT pair exhibits very efficient PL 
quenching making it a good candidate for a potential dye sensitized D-Dye-A triple optoelectronic 
materials system that appears more promising then a simple D/A binary system due to improved photon 
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